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The petFI gene encoding ferredoxin I was localized in the large single copy region of cyanelle DNA by heterologous hybridization. Sequence analysis 
revealed an ORF of 99 amino acids (including the N-terminal processed methionine) at a position 477 bp from the 3’ end of tufA but on the opposite 
strand. The 25 amino-terminal residues well corresponded to partial sequences obtained with purified cyanelle ferredoxin. The assignment of yet 
another gene that is not found on the genomes of chlorophyll b-type plastids to cyanelle DNA again corroborates the special position of cyanelles 
serving as a model for plastid evolution from endocytobiotic yanobacteria. 
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1. INTRODUCTION 
Ferredoxin fulfills important functions in plastids, 
not only in the photosynthetic electron transport chain 
but also as electron donor to nitrite reductase, sulphite 
reductase, glutamate synthase and thioredoxin reduc- 
tase [l]. In higher plants and green algae the major 
plastid ferredoxin (ferredoxin I) is encoded by a single 
copy nuclear gene, petF1 12-41. A N-terminal transit se- 
quence directs the cytoplasmically synthesized ferredox- 
in I precursor polypeptide towards the plastid where it 
is cleaved off by a stroma protease after ATP- 
dependent import of preferredoxin I [5]. Cyanobacte- 
rial ferredoxin genes [6-81 also seem to occur only once 
per genome but lack transit sequences. Numerous 
amino acid sequences determined for plastidic and 
cyanobacterial ferredoxin I are also available allowing 
the construction of a phylogenetic tree [9]. A second 
molecular species, ferredoxin II, whose function still 
has to be elucidated, has been reported for many 
plastids and cyanobacteria, whereas nitrogen-fixing 
species contain in addition a heterocyst ferredoxin [lo]. 
Cyanelles, the photosynthetic organelles of 
Cyanophora paradoxa are distinct from plastids by a 
surrounding murein sacculus [1 l] and by the presence in 
their genome of certain genes that are nuclear in higher 
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plants and green algae. The corresponding proteins 
range from SSU of Rubisco [12] to at least 8 ribosomal 
proteins [ 13- 151. Recently, the synthesis and translation 
of ferredoxin mRNA has been shown to occur within 
the cyanelles [16]. Here we report the mapping as well 
as sequence and transcript analysis of cyanelle petF1. 
2. MATERIALS AND METHODS 
Cyanophora paradoxa was grown and DNA extracted from 
purified cyanelles as described [17]. Southern hybridization was per- 
formed under low stringency conditions [18] using a 450 bp probe 
comprising petF1 from Silenepratensis [2] labelled either by means of 
the digoxigenin kit from Boehringer Mannheim or the primed syn- 
thesis kit from Amersham. Cyanelle RNA isolation and Northern 
hybridization followed published methods 1191. Clone BgfiI-11 was 
contained in a cyanelle gene bank of BgnI fragments cloned into the 
BamHI site of pEMBL8 [20]. The supercoil sequencing method 1211 
was adopted on exoII1 deletion subclones [22] obtained with the 
‘erase-a-base’ system from Promega. Computer analysis of the se- 
quence was done using the Dave Mount program 5.07 from the 
University of Arizona. 
3. RESULTS AND DISCUSSION 
Low stringency hybridization using a petF1 probe 
from Silenepratensis yielded signals for BgflI fragment 
11 (4.9 kb) and its 1.25 kb PstI/BgZII subfragment, 
respectively. This placed the ferredoxin gene approx- 
imately in the middle of the large single copy region of 
cyanelle DNA [ 181, surrounded by tRNA genes [23] and 
genes for components of the translation apparatus 
[24,25] as shown in Fig. 1. Sequence analysis revealed 
an open reading frame of 300 bp (Fig. 2) whose 
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Fig. 1. Gene arrangement in the central part of the large single copy 
region on the cyanelle genome comprising BgflI fragments no. 17 and 
11. The distribution of the respective genes over both DNA strands i  
also given. Transcript sizes [16,2&J] are indicated by arrows. Restric- 
tion enzyme cleavage sites are symbolized by A (BgW and by A 
(PHI), respectively. 
translated N-terminal amino acids corresponded to 
those determined for purified cyanelle ferredoxin [26]. 
Upstream petF1 is flanked by trnS, situated on the op- 
posite strand and separated from it by 440 bp of non- 
coding sequences, very rich in A/T. Our sequence is 
contiguous with that reported for Bg/II-17 [23]. 
Downstream, also on the opposite strand an ORF of 
105 codons was found with sequence homology to 
E. co/i rpsl0 (C. Neumann-Spallart et al., in prepara- 
tion), another gene unreported to date for any plastid 
DNA. The 72 bp intergenic region (Fig. 2) contained a 
perfect inverted repeat forming a 22 bp stem and a 4 b 
loop that might act as a transcription termination signal 
for petF1 as well as for the opposite str operon [25]. 
A putative ribosome binding site, complementary to 
the 3’ end of cyanelle 16 S rRNA [27] was localized 12 
bp upstream of the petF1 initiation codon. Sequence 
motifs resembling ‘ - 10’ and ‘ - 35’ promoter boxes 
were found on the 5’ side of the Shine-Dalgarno se- 
quence but more deviation from the prokaryotic con- 
sensus was observed than with cyanelle psbA and str 
promoters [19,25]. The observed size of the transcript, 
approximately 450 b (Fig. 3), correlates with a 3 ’ ter- 
minus between the end of the inverted repeat and the 
stop codon of ORF 105 and with a 5 ’ untranslated 
region of about 90 b. A comparison of ferredoxin 
amino acid sequences is given in Fig. 4. All data are 
taken from [9] with the exception of those for 
Chlarnydomonas reinhardtii [28] and Marchantia 
polymorpha 1291. Clearly the cyanelle gene encodes the 
type I protein and as usual the N-terminal methionine is 
processed posttranslationally ielding a molecular mass 
of 10.5 kDa. For the cyanelle sequence N-terminal 
amino acids also obtained by protein sequencing are in- 
dicated by bold letters. While the amino-terminal 
region shows some variation [26], 4 successive blocks of 
highly conserved amino acid sequences underline the 
strong structure-function interrelationship for this pro- 
tein. The 4 cystein residues involved in the formation of 
the Fe/S-cluster (pos. 41, 46, 49 and 79) are located 
within two of the conserved regions. The highest identi- 
ty score relative to C. paradoxa is obtained for 
Synechococcus p. PCC 7418 (79.6qo) that was also 
found closest with respect to the N-terminal amino 
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GTATATATTAATTTTTTTTAAAAATCGATACTAAA’PTTAAATTTTCCTTT 
TTTTTCTTTATAUAATTTAAAmTAAATAGAAAAAA TTAAGTTTTTCGA 
AAAAAGCAATTAAAACATATT AAAAAAAkATTMTAAACATGGTAAACTT 
TAMTATAAATTTATAATTAATAACTG AAAAAATAATAMAATAAATTTATAT 
. . . . . . . . . . . 
ATATATATAT’I-ITAGATTAAAATAATTTAAATTAAATTATTAAAAGTTCT 
. . . . . . . . . . . . 
+petFI 
ACCTTGTAACTATAATTATTTAGGAGATAGTATTTTATGGCAGTATATAA 
- H A V Y K 
AGTTCGTCTTATTTGTGAAGAACAAGGTTTAGATACCACTATTGAATGTC 
“RLICEEQGLDTTIEC 
CAGATGATGAGTACATTCTTGATGCAGCAGAAGAACAAGGTATTGATTTA 
PDDEYILDAAEEQGIDL 
CCATACTCCTGTCGTGCAGGTGCATGTTCTACTTGTGCAGGTGGT 
PYSCRAGACSTCAGK”” 
AGAAGGAACTGTAGATCAATCTGATCAATCTTTCPTAGATGACGCTCAAT 
EGTVDQSDQSFLDDAQ 
TAGCAGCTGGTTATGTATTAACTTGTGTAGCATACCCATCTTCTGACTGT 
LAAGYVLTCVAYPSSDC 
ACAGTTAAAACTCACCAAGAAGAATCTCTTTA~=~T~T~T 
TVKTHQEESLY 
AAATAATAMATAGAAATCTCTATTTTATTATTTAGATTTTCTTAATTCA 
Fig. 2. Cyanelle DNA sequence starting at the left border of BgflI-11 
(Fig. 1) containing petF1 and the 3’-terminus of ORF105. Putative 
promoter sequences are marked by dotted lines whereas the ribosome 
binding site is indicated by a double line. Start and stop codons of pet- 
FI and the stop codon of 0RF105 are shown in bold letters. The in- 
verted repeat in the intergenic space is underlined. 
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Fig. 3. Northern hybridization with a 32P-labelled 25mer 
oligonucleotide probe complementary to positions 456-479 (Fig. 2). 
20 pg of C. paradoxa poly(A) - RNA per lane were separated on 1% 
agarose gels. The endogenous rRNAs visualized by ethidium bromide 
staining of an adjacent lane and RNA standards obtained from 
Boehringer Mannheim served as size markers. 
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Cyanophora paradoxa 
Synechococcus sp. PCC 7481 
Synechococcus sp. PCC 7942 
Fischerella sp. 
Anabena sp PCC 7937 
Cyanidium caldarium 
Porphyra umbilicalis 
Bwilleriopsis filiformis 
Chlamydomonas reinhardtii 
Scenedesmus quadricauda 
Silene pratensls 
Spinacia oleracea 
Marchantia polymarpha 
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AVYKVRLICEEQCLDTTIECPD SDCTVKTHQEESLY- 
ASYKVTLINEFMXNETIKVPD SDCTIITHQEEELY- 
ATYKVTLVNAAEGINTTIDVAD SDVTIETHKEEDLY- 
ATYKVTLINEAEGINKTIKVPD SDCVIETHKEEELY- 
ATFKVTLINEAEGTSNTIDVPD SDVTIQTHKEEDLY- 
ASYKIHLVNKDQGIDETIECPD PYSCBAGACSTCAG SNATILTHQEESLY- 
ADYKIHLVSKEEGIDVTFDCSE PYSCRAGACSTCAG SDCTILTHVEQELY- 
ETYSVTLVNEEKNINAVIKCPD SDCKVQTHAEDDLY- 
--YKVTL-KTPSG-DKTIECPA 
ATYKVTL-KTPSG-DQTIECPDD SDCTIATHKEEDLF- 
ATYKVTLITKESGT-VTFDCPDD ADVTIETHKEEELTA 
AAYKVTLV-TPTG-NVEFQCPDD SDVTIETHKEEELTA 
-TFKVTL-NTPTG-QSVIDVEDD SDLTIDTHQEEALI- 
Fig. 4. Amino acid sequence conservation among ferredoxins I from C. paradoxa, Cyanobacterin and plastids. The boxes indicate arrays of almost 
invariant amino acids. 
acids as determined by protein sequencing [26]. In 
general the identity scores decrease in the order: 
cyanobacteria > red algae > green algae > plants. The 
designation of the cyanelle gene as petF1 is justified by 
the fact that the identity scores for comparison to fer- 
redoxin II genes are always lower than those with petF1 
from the same organism, i.g. 67% versus 72.4% for 
Nostoc MAC [30]. In addition, ferredoxin II sequences 
show deviations within the highly conserved blocks 
outlined in Fig. 4 [6]. A comparably large body of data 
covering members from many groups of organisms per- 
forming oxygenic photosynthesis is available only with 
respect to 16 S rRNA sequences [31]. Upon pairwise 
comparison cyanelle 16 S rRNA is closest related to a 
number of cyanobacteria including Fischerella. 
However, some cyanobacteria are superseded in that 
respect by Marchantia or tobacco. Accordingly the 
identity scores for comparison to cyanelle ferredoxin I 
range from 65.3% to 79.6% for cyanobacteria and 
from 62.2% to 70.4% for higher plants, respectively. 
Interestingly the ferredoxin from Cyanidium caldarium 
shows the highest degree of identity (76.9%) to the 
cyanelle protein among all eukaryotes investigated. 
This is in agreement with the observation that 
monospecific antibodies directed against cyanelle fer- 
redoxin react with the counterpart from C. caldarium 
but not from spinach (M.G. Bayer, unpublished). In 
conclusion, the features of C. paradoxa ferredoxin sup- 
port the view that the cyanelles have been derived from 
cyanobacteria-like descendants ensuring that this 
organism will continue to serve as an excellent model 
for the study of plastid evolution [32]. 
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